Abstract In Integrated Assessment modelling of climate change impacts and adaptation, there are two main uses for measures of capacity to adapt to climate change. The first is to represent the capacity for proactive adaptation: this can be termed adaptive capacity. The second is to represent the capacity for reactive or instantaneous coping: this can be termed coping capacity. Adaptive capacity helps to determine which proactive adaptation options are feasible as inputs to the models under any given pair of climate and socioeconomic scenarios. Coping capacity represents the residual ability to react to conditions, and influences vulnerability under any given set of model outputs. Using the example of the CLIMSAVE Integrated Assessment Platform, we explain how these capacities can be represented in integrated assessment. We demonstrate how an index of adaptive and coping capacity can be developed using a five-capitals (human, social, manufactured, natural, financial) model of societal wealth and incorporated in integrated assessment models. We find that for very aggregate applications, but not local or sectoral applications, the same indicators can be used to simulate adaptive and coping capacity. In addition, we argue that it is generally unnecessary to account for the depletion of capacity through adaptation itself, and that natural capital can generally be omitted from capacity measures if it is already directly represented in model outputs.
capacity through adaptation itself, and that natural capital can generally be omitted from capacity measures if it is already directly represented in model outputs.
Introduction
Societal vulnerability to the impacts of an uncertain future environment is a major factor driving climate change research. Integrated assessment (IA) modelling provides significant opportunities for quantifying the potential impacts of climate and socioeconomic change. However, understanding societal vulnerability needs more than quantification of potential impacts and must consider these in conjunction with hard-to-quantify, abstract, but societally crucial factors such as the capacity to adapt and cope. This paper uses the example of the integrated assessment platform (IAP) of the CLIMSAVE 1 project (Harrison et al. 2013 ) to illustrate how these capacities can be represented in inherently quantitative modelling systems, and proposes the five capitals framework (Porritt 2006) as a promising basis for developing an index of adaptive/coping capacity.
CLIMSAVE was a pan-European project to develop a user-friendly, interactive webbased tool for assessing climate change impacts and vulnerabilities for a range of sectors. The IAP is a web-based modelling framework which integrates sectoral models for urban development, agriculture, forestry, water supply, flooding and biodiversity. It quantifies impacts within these sectors under a number of climatic and socio-economic scenarios and maps them for the area under consideration -so far, the IAP has been developed for Europe and for Scotland, selected respectively to meet the pan-European ambitions of the project and funding, and to demonstrate the potential at a national scale using a nation with a highly engaged stakeholder population. The socio-economic scenario storylines were developed through stakeholder engagement processes in Europe and in Scotland (Kok et al. 2014 ) and provide a strong qualitative element. The scenarios, and the IAP models, focus on two distinct time slices, mid-term (2020s) and long-term (2050s).
The IAP allows users -decision-makers and other interested stakeholders -to explore how different adaptation strategies could influence European/Scottish landscape change and the vulnerability of populations to climate impacts. The aim is build the capacity of decision-makers to understand cross-sectoral vulnerability to climate change and how it might be reduced by the development of robust adaptation responses. The IAP is available online, and is also being used in further stakeholder-led research in the IMPRESSIONS 2 project. The IAP incorporates models of adaptive capacities, coping ranges and thresholds that draw on scenarios, data analysis and expert judgment and may best be considered as semi-quantitative. The application of these concepts within the IAP is discussed in greater detail by Dunford et al. (2014) . This paper provides the necessary theoretical and conceptual background to the methods implemented in the quantitative research on adaptive capacity and vulnerability, and reports several conclusions regarding the development of capacity measures for use in quantitative modelling, scenario development and stakeholder integration.
Definition of terms
The extensive literature on climate adaptation includes much debate over definitions of terms, many of which remain difficult and contested -for example, Birkmann (2007) examines more than 25 different definitions, concepts and methods used for 'vulnerability'; Patt et al. (2009) describe adaptive capacity as "an intellectual quagmire"; and Hinkel (2011) notes concepts "remain vague and inconsistently defined" and methods are "often not presented transparently". We make no attempt here to review this extensive literature, nor to resolve debates over terms, but for clarity it is necessary to explain how we use concepts in this paper, and to justify our use of a distinction between adaptive capacity and coping capacity (which most authors do not make).
Adaptive capacity has been defined as the ability of a human-environment system to adjust to climate change (including climate variability and extremes) to alleviate potential damages, take advantage of opportunities, and/or cope with consequences (IPCC 2007) . This broad definition covers planned and autonomous adaptations, and instantaneous and reactive adaptations (Levina and Tirpak 2006) . Most authors follow a similar broad definition, for example "the ability of a system to adjust to actual or expected climate stresses, or to cope with the consequences." (O'Brien et al. 2004) , "the ability of a system to prepare for stresses and changes in advance or adjust and respond to the effects caused by the stresses" (Smit and Pilifosova 2003) or "the ability to mobilize scarce resources to anticipate or respond to perceived or current stresses" (Engle, 2011) . Brooks (2003) , however, argues for a definition of adaptive capacity that focuses on the ability to act proactively to diminish future vulnerability. The ability to react in the face of current events can be considered 'coping' rather than adaptation: the "coping range" can be defined as the capacity of a system to accommodate deviations from "normal" climatic conditions (Fellmann 2012) , and coping capacity as the combination of all strengths and resources available within a community that can reduce the consequences of impacts arising through exposure and sensitivity (Birkmann 2007) .
We find this distinction useful for two main reasons:
& it respects the distinction between two quite different uses of capacity indicators in IA modelling:
1. to determine which of the proactive adaptation options included in the model are consistent with the adaptive capacity available in any given scenario; and 2. to take account of future capacity to cope, through options not included directly in the IA model, when assessing vulnerability using specific model results; & it allows that the factors determining ability to adapt proactively could be somewhat different from those determining ability to cope instantaneously (though they could also be the same).
In CLIMSAVE, specifically, for purpose (1) in the list above we identified specific limiting components of adaptive capacity for individual adaptation options, while for purpose (2) the aggregate coping capacity index was used in vulnerability analysis.
Therefore, though we recognise this is a contested area, we argue that it is clearer (at least for IA modelling purposes) to define adaptation as means of reducing future vulnerability to climate conditions and extremes (through reducing exposure or sensitivity or increasing coping capacity); adaptive capacity as the ability to carry out such adaptation; and coping capacity as the ability to deal with climate changes (including variability and extremes) as they actually happen.
Developing indicators of adaptive/coping capacities
In CLIMSAVE there were two main roles to be filled by capacity modelling. The first involved determining how the adaptive capacity under each socio-economic scenario may restrict the feasible range of adaptation choices from among the full set represented in the platform. The second part related to determining coping capacity within future time slices under the different socio-economic scenarios simulated by the platform. The adaptation options in the platform reduce vulnerability by decreasing sensitivity, decreasing exposure, and/or increasing coping capacity. Hence, estimates of coping capacity are needed to derive overall vulnerability to different threats (see Dunford et al. 2014) .
Adaptive and coping capacities are not directly observable quantities. Rothman et al. (2013) further note that many of the factors comprising the capacities are themselves hard to quantify (citing, for example, institutions, entitlements, kinship networks, health and well-being) and therefore are not discernible at aggregated scales, but stress that "a proper characterization of challenges to adaptation must include such difficult-to-quantify factors".
In practice, for IA modelling purposes, indicators of adaptive/coping capacity need to be constructed based on characteristics of societies and environments. Ideally, indicators should be derived from robust, available data for the past and present that can be projected for future periods in one of three ways: modelled directly within the IA models; incorporated directly in scenarios; or modelled via an estimated relationship with some other variable that is either modelled or included in scenarios.
Different ways of assessing adaptive capacity were examined in the ATEAM project (Schröter et al. 2004; Metzger et al. 2008; Acosta et al. 2013) . Discussions with stakeholders relating to thresholds of adaptive capacity did not yield results that could be integrated within quantitative maps of potential impacts. This led ATEAM to develop a bottom-up model in which adaptive capacity was determined by its 'components', in turn a function of 'determinants' and ultimately 'indicators' (see Fig. 1 ), all incorporated in a fuzzy logic model. Maps of the generic adaptive capacity index for each of the scenarios were produced, using projections of the indicators based on relationships with population and GDP (both being scenario variables).
The ATEAM model is based on a strong conceptual framework of what adaptive capacity represents, but has the weakness that none of the intermediate variables (the 'components' and 'determinants') are directly observable. The use of GDP and population as the key predictor variables for the indicators has the advantage of relying on statistical relationships that can be estimated from past data, but this puts heavy reliance on these two scenario features, and does not allow for 'breaking' links from GDP to the indicators. Such 'decoupling' is widely promoted and is a key feature of the EU Sustainable Consumption and Production policies.
3 In CLIMSAVE, and IA models in general, the socio-economic scenarios can reflect a wide range of different social and economic structures, across which there is no simple link from GDP to the components of adaptive capacity. This led us to seek ways of measuring capacity that can reflect these structural differences.
Capital stocks as indicators of capacity
One promising alternative to indicators based on GDP and population is to consider the broader range of capital stocks underpinning wealth. Adaptive and coping capacities are closely related to the structure of societies, including human capabilities, technologies, and access to resources. There are many similarities with concepts of wealth (broadly defined) and sustainability, and indicators of wealth and sustainable development can be used to inform indicators of adaptive/coping capacity. The five capitals model, developed by Forum for the Future during the 1990s and popularised by Porritt (2006) , breaks the resources available to societies into five types of sustainable capital: & Natural capital: any stock or flow of energy and matter that yields valuable goods and services; & Produced/Manufactured capital: material goods and infrastructure that contribute to the production process but do not become embodied in its output; & Human capital: includes health, knowledge, skills and motivation; & Social capital: the structures, institutions, networks and relationships that enable individuals and societies to function effectively; & Financial capital: enables other forms of capital to be owned and traded, but has no intrinsic value -its value is purely the ability to secure services of natural, human, social or manufactured capital. Working with this framework of capital stocks available to human populations has the advantage of linking the adaptive capacity framework to an existing conceptual framework with substantial research and data available (Omann et al. 2010) , including major UN and World Bank research programmes on measuring sustainable development and wealth (World Bank 2005 UNECE 2009 ).
The capitals approach has been used successfully in the GUMBO (Boumans et al. 2002 ) simulation model of the integrated earth system. GUMBO uses estimates of the five capital stocks, and associated flows, differentiated by scenario, as an integral part of the modelling. The main objective is not to make accurate predictions about the future, but rather to scope possible scenarios, providing a simulation tool to facilitate participation in modelling and scenario exploration. In this respect, the objectives of GUMBO are similar to those of CLIMSAVE, although CLIMSAVE has a much more specific focus on a limited number of sectors, and uses spatially explicit modelling, making the spatial and sectoral distribution of capitals a feature of potential interest.
Nevertheless, the successful use of scenario-dependent capital stocks in GUMBO is a 'proof of concept' for use in scenario modelling. Changes in capitals from the GUMBO model runs could be used to develop capital estimates for future scenarios, for example. Alternatively, in exploratory, stakeholder-led research, it may be more appropriate to let stakeholders determine the key features of adaptive capacities that they wish to see represented in scenarios. This could also help ensure 'buy-in' to the idea of representing a complex reality via a framework of simple indicators. On the other hand, care is required to ensure that the method is feasible in terms of data availability and fits with the overall modelling framework, which favours starting from a pre-determined model structure and asking stakeholders to help develop scenarios using that model. In CLIMSAVE, therefore, we struck the balance of using a predetermined structure of capital stocks and indicators, and asked stakeholders to assess how these stocks would evolve under the different socio-economic scenarios they developed for the case study regions. The development of the coping capacity index is explained below, and its use in assessing vulnerability in the CLIMSAVE project in Dunford et al. (2014) .
To help stakeholders understand the capitals framework, it is helpful to use actual estimates to demonstrate the current situation in the countries/regions they are considering. Capital stocks are, at least in principle, separately measurable, though data are incomplete, and simplifying assumptions are necessary to derive simple measures at a national level for capital stocks that are in reality a combination of a vast array of complex elements. The methods presented in World Bank (2005 Bank ( , 2011 , for example, derive estimates of Total Wealth at the national scale, and break these down into individual capital stocks, but the method does not distinguish between human and social capitals, and only accounts for parts of natural capital. Further, UNECE (2009) notes that the calculation of economic wealth is sensitive to assumptions about future income and to the choice of the discount rate. This can be seen as a weakness from the perspective of making projections. However, it does lend itself reasonably well to a scenario-based approach in which the future levels of income are features of the scenarios, and the objective is not prediction, but rather exploration of the consequences of different scenarios. Measurements are in monetary terms, with all capital stocks measured in the same units, and detailed calculations are available for 1995, 2000 and 2005. In CLIMSAVE, this enabled stakeholder discussions to be informed by information on geographical differences and recent dynamics of actual capital stocks, assisting their assessment of likely future changes as part of scenario development.
Development of CLIMSAVE capacity measures
In CLIMSAVE, we sought to meet the capacity modelling requirements by integrating the basic structure of the ATEAM approach with the conceptual and empirical framework of capital stocks underpinning national wealth, and to involve stakeholders in building these concepts into scenarios. The capitals were used in two ways in the CLIMSAVE IAP. Firstly, they were used in creating an index of coping capacity (see Fig. 1 ). Then, they were used to represent adaptive capacity, by deriving limits on the levels of adaptation measures that were considered feasible in any given scenario. After discussion, natural capital was excluded from these tasks, because the models in the IAP directly map key natural capital components, meaning that a substantial part of changes in natural capital are already reflected in the sectoral impacts projected by the IAP. The other capitals are not outputs of the biophysical modelling, and therefore need to be represented via models of adaptive and coping capacities.
To create the coping capacity index, two variables were selected for each capital following the principles and method explained in Dunford et al. (2014) Drawing on expertise from across the CLIMSAVE consortium, the stakeholderderived scenarios and current data, we defined plausible extreme values and distributions for each indicator. This exercise could have been completed by stakeholders as part of the workshops, however, it is very time-demanding and rather technical, leading us to favour the approach adopted. The indicators were transformed to a common scale from 0 to 1, and each pair of indicator variables was averaged to calculate capital variables (see Fig. 2) .
Coping capacity was then calculated as the un-weighted average of the values of the capitals for any given scenario (see Dunford et al. 2014, Fig. 2) . It would be possible to apply weights at either of these steps in order to reflect beliefs about the relative importance of different features in the context of any specific coping situation, though this was not attempted (see Discussion).
At the CLIMSAVE scenario-building workshops, stakeholders agreed, for each scenario, the direction and magnitude ('high', 'moderate' or 'none') of change in each of the capitals for the period 2010-2025 and 2025-2055. The scenario-dependent changes in capital stocks were transformed to a 13-class sliding scale (−6 to +6) used to determine changes in the indicators, and the projected indicator values were averaged to find the scenario-dependent estimates of future coping capacity. Further details of the method, its integration in the vulnerability assessment, and maps of coping capacity for each of the scenarios, are presented in Dunford et al. (2014) .
At first glance this exercise may seem circular:
1. We start from stakeholder-projected capital levels for different scenarios; 2. These are used to project changes in indicator levels for different scenarios; 3. The projected indicators are used to calculate capitals; 4. The capitals are combined to give the coping capacity index.
Why not simply go straight from step 1 to step 4? The answer is that the data for indicators are available in a spatially disaggregated form. So steps 2 and 3 enable stakeholder understanding of scenarios at a general level to be translated into a spatial mapping of capitals and coping capacity, while avoiding making excessive demands on stakeholder time and thinking.
The capitals were also used to determine which adaptation options fell within the adaptive capacity of societies under any given scenario. The adaptation options in the CLIMSAVE IAP were represented by 'sliders' through which platform users could control model parameters. Stakeholder workshops and sector-specific expert judgement were used to determine the specific options that might be used to bring about the adaptation, and their requirements in terms of capital availability. In most cases there were several different ways in which adaptation could occur: for example, changes in irrigation efficiency could arise through investments in various improved technologies, or through training and support programmes coupled with precision farming/irrigation scheduling. Generally, the options have different capital requirements: in this example, more financial and manufactured capitals to enable capital investments or greater human capital for support and precision farming. Comparing these requirements with the capitals available in any given scenario allows the levels of adaptation that are 'plausible', in the sense of being consistent with scenario assumptions, to be determined: Fig. 3 shows an example of the sliders, with the green area representing adaptations that are consistent with the particular scenario and capital stocks available, while yellow areas represent adaptations that fall outside the adaptive capacity of society under the scenario.
Discussion
A number of concepts and observations arise from the research developing these methods and can inform future attempts to incorporate adaptive and coping capacities in integrated assessment modelling. These include:
& The non-fungibility of most capital types; & Omission of natural capital; & Numerical precision appropriate to the use of capacity measures; & Distinction between 'using' and 'using up' capitals; and & Limits on the link between capacities and scenario-specific adaptation. 
Non-fungibility of capitals
A single measure (albeit scenario-dependent and spatially-disaggregated) of 'adaptive capacity' or 'coping capacity', covering all modelled sectors, and all threats, has some serious conceptual shortcomings. Different detailed characteristics and combinations of capital stocks may be needed to deal with different specific threats in particular sectors. With the exception of financial capital, the capital types are not fully fungible: that is, one can have, for example, manufactured capital that is very useful for a particular purpose or adaptation, but useless for another. This makes it hard to relate a single measure of a particular capital stock to the adaptation potential of that stock.
However, for the purposes of long-term, scenario-based simulation modelling, fuzzier characterisations of the capitals available for adaptation can be used. We can assume, for example, that a society investing heavily in education and training to build up human capital is doing this across the board, so that the general pool of expertise is growing in all dimensions. Societies with high human capital will have invested in agronomists and hydrologists and epidemiologists and doctors, not just one specialisation, and so will be able to face a wide range of threats. This is not necessarily true, and educational priorities can be targeted at different sectors and could shift with respect to climate change impacts. Nevertheless, at this broad scale of analysis we think it is justifiable to focus on general education levels rather than specific skills. Working out details of specific capital investment plans is not the objective of high-level scenario modelling. Adger et al. (2004) argue that assessments of vulnerability and adaptive capacity for individual countries "will be most useful when they consist of assessments of generic vulnerability and adaptive capacity, followed by assessments of vulnerability and capacity to adapt to the specific hazards that pose the greatest threat". Integrated assessment can fulfil the first role; the more detailed assessments for building capacity to deal with specific hazards require deeper appreciation of specific options for adapting to, or coping with, these threats. Indicators of adaptive or coping capacities for particular threats may need to reflect particular types of hazard and specific local contexts, so the appropriate variables for modelling these capacities could be different from those selected at the aggregate scale. For the purpose of making comparisons across countries or regions, or between different scenarios, it would then be useful to develop ways of scaling up to derive generic indicators applicable at a broad scale. So both top-down and bottom-up approaches might be useful, and the question of their convergence is an interesting one.
Treatment of natural capital
In high income OECD countries, the World Bank estimates that 81 % of wealth falls into the intangible category, with 17 % produced and 2 % natural capital. However, this understates the importance of natural capital, for a number of reasons, so part of the estimated intangible capital is in fact natural. Under natural capital, the wealth accounts include agricultural land, forest land, protected areas, four energy resources and 10 major metals and minerals. Other minerals, fisheries, water and hydropower, are not included due to lack of data. Further, the calculations do not take full account of the idea of critical natural capital -in other words the life-support systems that enable economic activity, and human life, to carry on.
IA models of the land-use system take account of critical factors such as water supply and food supply, and one of the key objectives of their application is to flag up where there are major threats to these critical functions and supplies. Beyond that, we can assume that the critical natural capital constraints are being respected, within the boundaries of the model. It would be possible to derive an index of natural capital directly from IA model outputs: initially in CLIMSAVE this was seen as a valuable avenue for enhancing the reliability of the capacity index, by making part of it a result of formal modelling rather than scenario-dependent indicator projections. However, concerns were raised about the circularity of looking at model-derived natural capital measures as a component of capacity to deal with modelderived exposures to natural threats. This led us to base the model of capacities on the other four capital stocks, accepting that important parts of natural capital are already largely represented in the platform directly, and in a quantitative manner based on process understanding that is much more relevant to specific shocks and threats than any aggregate indicator of natural capital could be. Other aspects of natural capital, specifically subsoil resources, may arguably in any case be better considered as a form of 'financial capital' from the perspective of assessing social vulnerability to climate impacts.
Numerical precision appropriate to the use of capacity measures
Following workshop discussions, it was recognised that attempting to present the measurements of capitals, and their relationships to adaptation options, in a numerically 'precise' format could be counter-productive for stakeholder-focused exploratory work at large scales. Broad categories of capital levels (very high … very low) are adequate for communicating and thinking about the underlying issues represented, and are easier for IAP users to relate to, and accept, as valid approximations.
Similarly, deriving strict limits on adaptation options based on capitals, or specifying in detail the capital requirements of each option, is too restrictive for an exploratory exercise. The adaptation options in the CLIMSAVE IAP were represented by 'sliders' through which model users could control model parameters. Strict constraints on these sliders are too limiting for platform users, and reduce the role of the platform as an exploratory tool. It is sufficient to flag to platform users those ranges of adaptation options thought to be feasible and consistent with the socio-economic scenario under consideration. Going outside these limits remains possible, resulting in a "user-defined" scenario. Making these constraints indicative but not binding maintains maximum flexibility for platform users, and avoids a number of the pitfalls presented in this discussion. 4.4 "Using" versus "Using up" capitals Not all capital types are necessarily reduced by an adaptation action, or in the process of coping:
& Financial reserves are run down by expenditures, but expenditure can also have a stimulating effect on an economy, with different multipliers depending on the kind of expenditure. & Manufactured capital may be depleted by use, or may be used only temporarily (for example, machinery used for emergency flood defence work) and then returned to the pool of resources. & Natural capital can be sustainably or unsustainably managed, and many forms of use need not deplete the capital; in some cases use may be essential in order to maintain the productivity of the capital (for example, agricultural land, which may decline in agricultural value and potentially in other values if abandoned). & Human capital may be used to a specific end, but can also be enhanced by being used (for example, through training and knowledge transfer benefits, adaptive management and learning by doing).
& Social capital is complex and may sometimes be enhanced through use, or subject to a 'use it or lose it' aspect, but could also be reduced by overuse (e.g. repeated calls for nonreciprocated aid).
This suggests capitals should not be considered purely as stocks that are necessarily eaten into by adaptation or coping actions, but rather as characteristics of a society that control which adaptation options are feasible, how much financial cost they entail, and/or how effective they will be. The capital stocks are better understood as features of specific scenarios that would scope aspects of the adaptation and coping options.
Again, this is to be understood in the context of a high-level scenario modelling exercise. A detailed adaptation plan for a specific sector or area would need to set out the resources available and how they could best be used. A broad-scale assessment, such as CLIMSAVE, is not grounded in how specific adaptation options 'use up' adaptive capacity, but rather considers capital stocks as looser constraints on the scenario-dependent feasibility of different options: "is this the sort of world in which this option would be realistic?" It should also be recognised that most IA models focus only on a subset of economic sectors, so any capital constraints that may be hypothesised would be unlikely to be binding anyway, since there is scope at the societal level to source capital from outside these sectors.
Limits on the link between capacities and scenario-specific adaptation
This leads to further consideration of the ways in which the capacity framework does not fully capture the relationship between scenarios and adaptation options. Some options may be inconsistent with some scenarios for reasons unrelated to capital stocks, but rather depending on the fundamental ethos, political framework and assumed dynamic of the scenario. For example, a collectivist, environmentalist scenario may face constraints on the sorts of adaptation strategies/policies that are deemed acceptable, and these constraints may be completely unrelated to the availability of capitals. It might be possible to shoehorn such ideas into the capitals framework (for example, defining 'social capital' in such a way that it reflects such constraints), but there is a serious risk of inconsistencies. For example, reducing meat consumption could be an important adaptation for the agricultural sector, and could be achieved (inter alia) via rationing or quotas. This may be politically and institutionally unacceptable under some scenarios. While that could be considered a lack of a very specific component of social/institutional capital, it would not warrant a downgrading of social capital for the whole scenario.
It is also possible that there could be mutual incompatibilities, or synergies, across different adaptation options, in terms of their fit within a given scenario, or overall. For example, high levels of flood protection upgrade might be thought inconsistent with high levels of wetland creation. This would need to be dealt with on a case-by-case basis, giving another argument against reducing the constraints to a consideration of capital requirements, because it is quite possible that the capital requirements for both policies could be met, but they would still be incompatible.
Similarly, some adaptation options have variable capital requirements -for example, an option that could be achieved with low human capital and high financial cost, or with high human capital and low financial cost -and so the same option might be achieved in different ways depending on the scenario, social context or location.
Several of the adaptation options in CLIMSAVE are related to behavioural changes, for example, relating to dietary choice, use of water saving technologies, and so on. In some scenarios, this could be brought about via regulatory, command-and-control approaches; in others, the same changes might be achieved through the taxation system; in others, voluntary compliance through education and outreach.
The point about different specific adaptation methods in different locations is especially important when we consider that in a broad-scale integrated assessment the same adaptation slider setting is being applied right across the modelled area. Users are not setting different levels of each adaptation slider for each grid cell, or even for different regions or countries within the area modelled. This would be possible in principle, but changing each slider separately for a large number of different areas would add considerably to the complexity of using the model. Thus the modelling exercise is best considered as modelling broad approaches to adaptation: the details of how that would be achieved, and with what capital resources, could vary according to local conditions. Overall, these considerations stress that the capital framework should be interpreted as one plank in integrated assessment methodology, enriching the process of scenario development, and helping to guide selection of scenario-consistent adaptation options, but in no way automating that process, or fully capturing all the factors that platform users may wish to take into account in considering the options available. Further work extending and improving these methods is to be recommended.
Conclusions
Integrated assessment models of future land use and economic activity under different climatic and socio-economic scenarios have two main requirements for indicators of capacities for dealing with climate threats and variability, that we have represented here by the terms adaptive capacity and coping capacity. It is not so much that these capacities are necessarily different (it is an empirical matter, but on the face of it similar resources and capabilities could determine ability to adapt proactively and ability to cope instantaneously). Rather, the point is that there are two quite different uses of a capacity measure in IA modelling. The first is to consider how current adaptive capacity under each scenario may restrict the feasible range of adaptation choices from among the full set represented in the models. The second is to determine the level of future coping capacity available to societies for dealing with climatic and other events as they arise. Keeping a clear distinction between adaptation and coping helps (1) to strike a balance between a focus on technological solutions and the consideration of social and economic context, and (2) to ensure that the instantaneous coping element is fully included in vulnerability assessment.
The CLIMSAVE approach drew inspiration from the earlier work of the ATEAM (op. cit.) that built an index of adaptive capacity from a fuzzy combination of underpinning concepts and indicators. The innovation in CLIMSAVE was to ground the capacity model in the capitals framework, so that the capacity index was based on a combination of capitals that are (in principle) measurable and for which data at national levels are available (World Bank, Eurostat). There remains a substantial challenge in refining and validating the link from capital measures to adaptive and coping capacities, and how this combines with measures of potential impacts (exposure and sensitivity) to give residual impacts and vulnerability. Practical solutions to these challenges are addressed in Dunford et al. (2014) .
Research and experience in the CLIMSAVE project raised a number of conclusions for further development of capacity indicators. Firstly, the project demonstrated the feasibility of using the five capitals framework for scenario development with stakeholders, for representing limiting factors for adaptation options (adaptive capacity), and for constructing an index of coping capacity. Further research is needed to determine the scaling properties of adaptive and coping capacity measures, and how their differences can be represented at local and sectoral scales.
Secondly, natural capital is a special case and there are strong arguments for leaving it out of any capacity indicator where the intended use is within an IA platform involving detailed spatial modelling of land use and land cover and/or of components of natural capital. This is not to suggest that natural capital is unimportant in adaptation and coping: far from it, but including natural capital in the capacity index risks circular reasoning / double-accounting for natural aspects that are already represented in considerable spatial detail.
Thirdly, again at the aggregate scale, trying to account for 'using up' capital stocks as adaptation options are taken is complex, and at present not advisable. Intangible stocks in particular can actually be enhanced through use, but even for other stocks depletion is not automatic, and in most applications only some sectors are modelled, so the total resource constraint at a societal level is not included. At the aggregate scale, the capacities are better understood as general features of societies under particular scenarios, scoping the types of adaptation that are feasible, than as accounting units. Detailed accounting only becomes necessary at the level of developing specific, costed adaptation plans for particular sectors and areas, and this is not a task for large scale IA modelling. Further research here is needed better to determine when and how to account for the interaction between adaptation options and capital stocks. A fully dynamic model would need to model changes in capital stocks over time, and could include consideration of building up capitals as an adaptation strategy.
The research presented here (and in the other papers in this volume) demonstrate that modelling via capital stocks is one way in which adaptive and coping capacities can be represented in large-scale modelling and exploratory scenario-building exercises. The capitals approach offers the advantages of a strong link to both theoretical and empirical work on understanding wealth and well-being. Indicators can be integrated successfully as a key component of vulnerability assessment (Dunford et al. 2014) . They enrich the way in which the adaptation and coping processes can be modelled and considered within scenarios. Major challenges remain, in particular in extending the evidence base for improving the measurement and projection of capital stocks, in better representing how capacities depend on them, in exploring the use of weighting schemes to model sector and threat specific capacities, in exploring the scaling properties of the indicators, and in developing methods for validating the models. Research into methods of relating indicators of capital stocks to the requirements of specific adaptation options (adaptive capacity) and to the ability to cope with the average climate, climate extremes and variability in the future (coping capacity) seems warranted.
